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Introduction
T he study of "host-guest" chemistry provides important insights for understanding chemical interactions involved in molecular recognition (e.g., designing drug delivery systems [1] and enzymes [2] , sensor development [3, 4] , and biological activities [5] ). Gas-phase chemistry allows the study of important noncovalent interactions in a solvent-free environment [6] [7] [8] [9] [10] [11] . For example, gas-phase studies provide details about the effects of noncovalent interactions, such as hydrogen bonding and metal ion complexation, on conformations of macromolecules [12] [13] [14] [15] [16] .
Gas-phase hydrogen/deuterium exchange (HDX) mass spectrometry (MS) has been used extensively for structural/ conformational studies of proteins/peptides [17] [18] [19] [20] and their metal-complexed counterparts [21, 22] . Both HDX patterns and extent of deuterium uptake (or exchange of labile hydrogens) by protonated and metal-complexed proteins/peptides are used for structural elucidations [22] [23] [24] [25] . However, the presence of possible competing reaction channels (such as gas-phase reagent adduct formation) [26, 27] may complicate the interpretation of the intended HDX reactions.
Although the mechanism(s) of gas-phase HDX reactions has been studied extensively [17, 18, [28] [29] [30] , details of potential reagent adduct formations have not been adequately explored. For instance, it is not clear when and how the formation of a reagent adduct (e.g., [peptide + nH + ND 3 ] n+ , where "n" is the number of protons) competes with the anticipated HDX reactions. Deciphering possible mechanisms of these competing reactions is crucial to: (1) fill an important knowledge gap in host-guest chemistry, (2) enhance our ability to explore structure-function relationships, and (3) avoid misinterpretation of HDX data.
The present study was inspired by our previously observed deuterated ammonia (ND 3 ) adduct formation (e.g., with a Ca 2+ -complexed "non-cyclic" host peptide [31] ) and a recent HDX finding that suggested the formation of ND 3 adducts to be limited to "macrocyclic" peptide fragment ions [26] . Based on the observed adduct formation reactions (of cyclic and metal-complexed noncyclic peptides) and previous HDX reports [22, 31] , we believe that metal ions play important roles in altering available HDX reaction channels and ND 3 adduct formations.
Using experimental MS and ion mobility spectrometry data and molecular modeling, we studied two aspects of gas-phase adduct formation: (1) effects of host molecules' structural variations on formation of stable gas-phase adducts, and (2) possibility of using host-guest interactions as probes for determining structural "compactness" of gas-phase ions.
We studied HDX reactions of protonated and alkali metal (Na + , K + , and Cs + )-complexed species of a model dipeptide to uncover structural characteristics responsible for gas-phase HDX adduct formation in peptides. We selected a model dipeptide (and it's analogues) that contained a glycine (G) and a proline (P) with N-terminal benzyloxycarbonyl (Z) group (i.e., Z-PG, Scheme 1). Propensity for metal complexation and adduct formation, appropriate size (i.e., m/z values for reactant and product ions), and having a suitable structure with limited number of labile hydrogens were among the criteria for selecting Z-PG as a model peptide. Metal-complexed Z-PG species were used as model "compact" structures (as opposed to a "linear" type structure for protonated Z-PG) to study the role of structural compactness as a driving force for formation of gas-phase ND 3 adducts. In the context of data presented here, we refer to model dipeptides as "host" and ND 3 as "guest" partners.
Detailed experimental results from gas-phase HDX reactions and ion mobility-mass spectrometry (IM-MS) measurements for + suggest that the formation of ammonia adducts with Z-PG species is structural/conformational-dependent. We also provide evidence from molecular modeling of protonated and alkali metal-complexed species of Z-PG that support our experimental observations. Ion mobility data and MS/MS results from collision-induced dissociation (CID) of isotopically labeled [Z-PG ( 
Experimental

Sample Preparation
Benzyloxycarbonyl-proline glycine (Z-PG), cesium chloride (CsCl), deuterated ammonia (ND 3 ), polypropylene glycol (PPG), and potassium chloride (KCl), were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA ) and calcium (Ca 2+ ) ions and there was no need for addition of NaCl to Z-PG solutions to form sodiumcomplexed species of the dipeptides. However, millimolar concentrations of CsCl and KCl solutions were added to micromolar solutions of Z-PG to form potassium-and cesiumcomplexed species. Appropriate sample volumes were used to keep the final molar ratio of Z-PG:salt at 1:10.
[Z-PG + K] + (m/z 345.0847) and [Z-PG + Ca -H] + (m/z 345.0758) were differentiated based on resolving the two peaks and mass measurement accuracy values better than 2 ppm (which was possible in both Fourier transform-ion cyclotron resonance (FT-ICR) MS and IM-MS experiments presented here). Additionally, potassium-and calcium-complexed species of Z-PG could be differentiated based on their different collision cross section (CCS) values in IM-MS experiments (Supporting Information, Figure S1 ).
FT-ICR MS All gas-phase HDX mass spectrometry data were acquired using an IonSpec (former IonSpec Corp.-now a division of Agilent Technologies, Inc., Santa Clara, CA, USA) FT-ICR mass spectrometer equipped with an openended cylindrical Penning trap and a 9.4 tesla superconducting magnet (Cryomagnetics Inc., Oak Ridge, TN, USA). An Analytica ESI source (Analytica of Branford Inc., Branford, CT, USA) equipped with an in-house built spraying setup was used for ESI experiments [22] . A Harvard PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA, USA) was used for direct infusion ESI. ESI flow rate was set to 0.3 μL min -1
. ESI voltage was set to +3 kV. Sustained off-resonance irradiation (SORI)-CID [32] was used for ion fragmentation in the ICR cell. Nitrogen gas (N 2 ) was used as the collision gas in SORI-CID experiments. Prior to gas-phase HDX reactions, lowest mass most abundant isotopes [i.e., first carbon 12 isotopic peaks (or 12 C all peaks, abbreviated as "D 0 ")] of protonated and metalcomplexed Z-PG species were isolated in the ICR cell using a stored waveform inverse Fourier transform (SWIFT) technique [33] . To keep the relevant experimental conditions (e.g., ND 3 pressure and ICR cell temperature) identical, we simultaneously isolated the single isotopes of protonated and metalcomplexed species of Z-PG to conduct HDX reactions. A pulsed-leak valve setup was used for ND 3 introduction [34] . Using the "pulsed-leak" valve setup, stable ND 3 pressures (inside the vacuum chamber) could be achieved in <1 s. Recorded ND 3 pressures were from direct readouts of a GranvillePhillips (Helix Technology Corp., Longmont, CO, USA) dual ion gauge controller (using series 274 Bayard-Alpert type ionization gauge tube outputs). All reported pressures for HDX reactions were corrected for (1) geometry factor [35] , (2) magnetic field effect [36] , and (3) sensitivity factor [37] according to a previously reported procedure [36] . and +3 kV, respectively. Both sampling cone and source offset voltages were set to +25 V. N 2 (~2.8 Torr) and argon (Ar) (~1.4 × 10 -2 Torr) gases were used as buffer and collision gases, respectively. Helium (He) cell pressure was~1.0 × 10 3 Torr. For experiments involving CID, ion populations of interest were isolated in the quadrupole mass filter prior to IM separation. Subsequently, m/z-isolated species were fragmented in either trap (pre-IM/CID) or transfer (post-IM/CID) cells.
IM-MS
We used a previously reported procedure by Ruotolo et al. [38] to obtain the experimental CCS values for protonated and alkali metal-complexed species of Z-PG. Sodium adduct species of PPG [39] were used as calibrants for CCS calculations. To obtain the CCS values of protonated and alkali metal-complex Z-PG species, the peak arrival times (ATs) of both calibrants and analytes (i. + structures were subsequently optimized at B3LYP/3-21G level and then at B3LYP/6-31+G(d,p) level (Gaussian 09 software: Gaussian Inc., Wallingford, CT, USA) [41] . Previous studies have suggested that B3LYP/3-21G and B3LYP/6-31+G(d,p) levels of theory provide excellent predictions for geometry optimizations and single-point energy calculations of protonated and metal-complexed species of peptides [42] [43] [44] [45] .
To optimize the geometries of alkali metal (Na + was optimized using SDD pseudopotential basis set [46] . No imaginary frequencies were found for the optimized structures indicating that the optimized structures were not at their transition states.
Theoretical CCS Calculations CCSs of the optimized geometries of protonated and alkali metal-complexed species of Z-PG (obtained from DFT calculations) were calculated using a FORTRAN program ("Sigma") provided by Dr. Wyttenbach of the University of California at Santa Barbara. Ion-size scaled Lennard-Jones (LJ) model implemented in Sigma was used for CCS calculations [47, 48] . Temperature and CCS calculation accuracy in Sigma were set to 298 K and 2%, respectively. The selected model dipeptide, Z-PG, offers a number of advantages to carry out the intended experiments because (1) its C-terminal G residue is conformationally the least restricted amino acid [49] ; hence, dipeptide's flexibility can allow formation of different metal complexes [22] (in contrast, proline's 5-membered ring connecting the side chain locks its dihedral angle at~-60° [50] constraining the structural variations of the selected Z-PG to regions near glycine), (2) + species, (3) protonated Z-PG contains a manageable number of exchangeable labile hydrogens (only three) to simplify HDX data interpretation, and (4) the Z group in Z-PG protects its N-terminus from forming "cyclic"-type structures [51, 52] and increases the molecular weight of the Z-PG dipeptide to 306 Da (which is above the low mass cut-off limit for external ion transfer of our 9.4 tesla ESI/FT-ICR mass spectrometer [53] ). Additionally, the structural analogues of Z-PG (i.e., Z-GP, Z-PG-OCH 3 , and isotopically labeled Z-PG) were commercially available; these Z-PG structural variants were necessary to identify the functional groups engaged in gas-phase ND 3 adduct formation of Z-PG. Figure 1 shows the ESI/FT-ICR mass spectra of m/z-isolated protonated and alkali metal-complexed species of Z-PG after 5 s (top panels) and 600 s (bottom panels) HDX reaction times with ND 3 + species. However, formation of stable ND 3 adducts may preclude direct characterization of the precursor peptide ions in conventional gas-phase studies that aim to measure the number of HDX sites or kinetics of HDX reactions.
Results and Discussion
Under an identical number of gas-phase ion-molecule collisions, alkali metal-complexed (Na It has been suggested that similarity between gas-phase basicities (GBs) of the collision partners in HDX may favor the formation of gas-phase adducts [27] . Although, the GB similarity of host and guest partners may play a role in formation of stable gas-phase adducts, GB similarity is not "the key factor" for gas-phase reagent adduct formation. For instance, theoretically calculated GBs for ND 3 (~198 kcal mol 
Observation of adduct formation in HDX reactions of noncyclic [Z-PG + H]
+ with ND 3 indicates that in contrast to an earlier suggestion [26] , gas-phase adduct formation may not be a suitable probe to differentiate between "linear"-and "macrocyclic"-type structures (i.e., both "linear" and "cyclic" ions tend to form ND 3 adducts). Therefore, other structural characteristics might be important for formation of stable host-guest interactions.
The ) is consistent with experimentally measured CCSs from IM-MS data and molecular modeling results (both discussed in the following sections). Therefore, structural compactness is not the only determining factor for gas-phase reagent adduct formation; in other words, other structural factors (e.g., functional group orientation and availability) must be involved in stabilizing gas-phase ND 3 adducts.
It is worth noting that reaction trends for formation of the gas-phase ND 3 adducts of Z-PG and Z-GP (i.e., a Zcapped dipeptide with reverse amino acid sequence compared with Z-PG) were similar. For instance, similar to Z-PG, HDX reaction of protonated Z-GP with ND 3 also produced ND 3 adducts. Also, similar to Z-PG, no ND 3 adducts were formed with [Z-GP + Na, or K, or Cs] + species (Supporting Information, Figure S2 ). Experimental data and theoretical calculations presented in the following sections were designed to identify pertinent functional groups in Z-PG species involved in gas-phase adduct formation. + (Figure 1b to d, top) ]. These observations are consistent with the previous reports that suggested the presence of a multi-dentate interactions [22] between alkali metal ions and peptides [22, [55] [56] [57] . Optimized geometries in Figure 2 Figure 2e shows the 3D geometry of the most stable candidate structure for [Z-PG + H + ND 3 ] + in which three "host" carbonyl oxygen atoms (from P and G amino acids and Z group) are involved in hydrogen bonding with D atoms of "guest" ND 3 .
Theoretically Optimized Geometries
At the first glance, it would seem that the Z carboxylic group, proline carbonyl oxygen, and C-terminal glycine carboxylic group are responsible for stabilizing + species (acquired using a Synapt G2-S HDMS system) showed a Gaussian-like AT distribution (data not shown), suggesting the presence of a single set of conformations for each species [22, 58] . We also used a previously reported post-IM/CID-chemometric approach to examine the presence of potential IM overlapped conformers [59] . Results from post-IM/CID-chemometric studies further confirmed the absence of resolvable multiple IM overlapped conformers for any of the protonated Z-PG and [Z-PG + alkali metal] + species. The peak AT values of all Z-PG species, under the IM experimental conditions described in the Experimental section, are provided in Table 1 , second column. For meaningful comparisons, we converted the measured ion mobility ATs to CCSs (Table 1 ) using a previously reported procedure [38] (see Experimental section for more details). Table 1 , third column, contains a summary of the experimentally measured average CCS values for protonated and alkali metal-complexed Z-PG species. Based on the IM data, the fol- Table S1 These IM-MS results for CCS measurements are also consistent with the observed HDX mass spectral patterns in Figure 1 and suggest the presence of more compact structures for alkali metalcomplexed species of Z-PG than their protonated counterpart. Experimentally measured CCSs in Table 1 . Experimental measurements and theoretical calculations of CCS are consistent and support the view that the addition of alkali metal ion introduces multi-dentate type bonding between alkali metals (viz., Na 
HDX and IM-MS of [Z-PG + H -CO 2 ]
+ Detailed inspection of the optimized structures in Figure 2 suggests that stable gas-phase ND 3 + conformers profile peak shape in Figure 3b could + showed two overlapping AT distributions (Figure 3b) , their deconvoluted CID mass spectra (Supporting Information, Figure S3 ) showed identical fragment ions with notable differences in their relative abundances. These unexpected CID results for the two IM-overlapped [Z-PG + H -CO 2 ]
+ species suggested that CO 2 was indeed lost from a single site and prompted us to perform isotope labeling MS experiments to identify the site(s) of CO 2 losses. Figure 4a shows the Synapt G2-S CID mass spectrum of isotopically labeled [Z-PG + H] + (m/z 310). Underline in "G" is used to depict a C-terminal glycine that contains two 13 C and one 15 N isotopes. To acquire the CID mass spectrum in Figure 4a , isotopic envelope from m/z 310 to 311 (which included both major ( + (in Figure 3a) is explained by loss of interaction between ND 3 and carbonyl functional group of Z-PG benzyloxycarbonyl (Z).
HDX of [Z-PG-OCH 3 + H]
+ C-terminal glycine amino acid in Z-PG contains both carbonyl and hydroxyl oxygen atoms; either or both functional groups could be involved in ND 3 adduct formation. To determine whether the presence of glycine hydroxyl group is important for Z-PG gas-phase adduct formation or not, we conducted HDX reactions on m/z-isolated species of [Z-PG-OCH 3 + H] + (m/z 321). In Z-PG-OCH 3 , carbonyl from G is still available to participate in a host-guest type interaction but the hydrogen atom attached to glycine hydroxyl group (-OH) is replaced with a CH 3 group, which can interrupt the hydrogen bonding between ND 3 and glycine hydroxyl group in Z-PG. Results in Figure 5 suggest that C-terminal glycine hydroxyl group is not involved in ND 3 adduct formation with Z-PG. HDX results in Figure 5 are consistent with the molecular modeling data in Figure 2e , suggesting that the O atom from glycine's carbonyl group is engaged in hydrogen bonding with ND 3 .
Theoretical ND 3 Affinities of Z-PG Species Experimental and theoretical results discussed in previous sections suggest that the presence of all three Z-PG carbonyl groups is necessary for ND 3 adduct formation. The presence or absence of these carbonyl groups may influence ND 3 affinity of Z-PG species. To further explain the observed differences in ND 3 adduct formation of Z-PG species, we calculated ND 3 
where "g" denotes a gas-phase species. Change in standard Gibbs free energy (ΔG) of reaction 1 was calculated according to Equation 1:
where "ΔG 298 " denotes the change in standard Gibbs free energy of Reaction 1 at 298 K and "(ε 0 + G corr )" denotes sum of the electronic (ε 0 ) and corrected (for temperature of 298 K) thermal free energies. Values of (ε 0 + G corr ) (Table S1) were directly extracted from Gaussian 09 [41] output files of the reactants and products with optimized geometries (see Molecular Modeling section). In here (and Tables 1 and 2 ), negatives of the calculated "ΔG 298 " values (i.e., -ΔG 298 ) for the reaction of Z-PG species with ND 3 are referred to as "ND 3 affinity" values. Figure S4 ). Theoretically calculated ND 3 affinities in Table 1 formation of stable ND 3 adducts with Z-PG. Additionally, data from molecular modeling in Figure 2 suggest that carbonyl groups from glycine and proline in [Z-PG + H] + are also involved in ND 3 adduct formation. Questions remain whether (1) the presence of proline and glycine carbonyl groups, and (2) remote cation-π interaction(s) with Z group phenyl ring in Z-PG, are important in stabilization of ND 3 adducts; if so, how significant are these interactions for stabilization of [Z-PG + H + ND 3 ] + . One approach for ranking the importance of Z-PG functional groups in ND 3 adduct formation is to synthesize Z-PG mutants in which Z-PG carbonyl oxygen atoms (or phenyl ring) are replaced with methyl (CH 3 ) groups (or cyclohexyl ring). Protonated species of Z-PG mutants can then be subjected to HDX reactions with ND 3 and the resulting HDX mass spectra can be inspected for the presence or absence of ND 3 adducts. Another approach is to use theoretical ND 3 affinities (similar to data presented in the previous section) of the Z-PG mutants and quantify the importance of a specific functional group in ND 3 adduct formation.
Here, we used the second approach and generated a set of Z-PG mutants in which we substituted carbonyl oxygen atoms and Z group phenyl ring with CH 3 and cyclohexane, respectively (Table 2 , column 2). We then optimized 3D geometries of protonated Z-PG mutants and their corresponding ND 3 adducts. ND 3 affinities were calculated according to Reaction 1 and Equation 1. Methyl group with a van der Waals radius of~1.7 Å (estimated from a van der Waals volume of 13.67 cm 3 /mol) [61] has a comparable size to O atom (van der Waals radius of~1.4 Å) [61] . Substitutions of carbonyl O atoms of Z-PG with CH 3 interrupt the hydrogen bonding interactions of ND 3 with carbonyl O (without a significant effect on steric hindrance). Table 2 summarizes the theoretically calculated ND 3 affinities for various Z-PG mutants. Rows 1 to 3 in Table 2 contain ND 3 affinities for Z-PG mutants with one carbonyl O atom(s) replaced with CH 3 (numbers in O (2) to O (5) correspond to oxygen atom labeling indicated in Scheme 1). As a reference, Figure 4 .
As expected, substitution of three Z-PG carbonyl O atoms with CH 3 (mutant 4 in Table 2 ) resulted in a thermodynamically unfavorable ND 3 adduct product (ND 3 affinity of -07.78 kcal mol It has been shown that side chains of aromatic amino acids (e.g., phenylalanine, tyrosine, and tryptophan) contribute to stabilization of metal ion-complexed peptides through cation-π interactions [12, 62, 63] . Presence of Z group phenyl aromatic ring (cation-π interactions) may also contribute to the stabilization of "guest" (ND 3 ) and "host" (Z-PG) interactions. To evaluate the effect of π interactions on the formation of [Z-PG + H + ND 3 ] + , we calculated ND 3 affinity for a Z-PG mutant in which the Z group phenyl ring in original Z-PG was replaced with cyclohexyl ring (i.e., mutant 5, 
Conclusions
Theoretical and experimental approaches were used to investigate adduct formations in HDX reactions of protonated and metal-complexed Z-PG (and Z-GP) gasphase ions with ND 3 . Reactions of ND 3 with "linear" protonated Z-PG (and Z-GP) yielded gas-phase adducts but such adducts were not observed with "compact" metal-complexed Z-PG and (Z-GP) species, presumably because of the unavailability of the functional groups necessary for host-guest interaction. Formation of gas-phase reagent adducts with protonated Z-PG (and Z-GP) involved interactions between the guest neutral reagent and three carbonyl functional groups of the host dipeptide ions. Presented data suggest that previously reported ND 3 adducts of linear and cyclic peptide fragment ions [26, 31] may include a common host-guest interaction mechanism. In other words, ND 3 adduct formation can involve carbonyl groups of host cyclic [26] or linear [31] peptide ions. Examination of the host-guest chemistry in a solvent-free environment is important and may provide crucial details on functional groups governing solution-phase noncovalent interactions [2] .
To the best of our knowledge, this is the first comprehensive study to examine gas-phase HDX reagent adduct formation by combining experimental (i.e., MS, IM-MS, and IM-MS/MS) and theoretical (i.e., molecular modeling and ND 3 affinity calculation) approaches.
Results presented here point to the importance of considering all competing gas-phase reaction channels during HDX of peptides (i.e., reagent adduct formation). Although the formation of gas-phase reagent adducts can complicate the interpretation of "normal" HDX uptake and reaction kinetics, it may also reveal important structural information such as orientation of peptides' backbone carbonyl groups.
